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Composite  electrocatalysts  based  on  the  transition  metal  cobalt  are  synthesized  for  the  oxygen  reduction 
reaction  (ORR)  by  mechanically  mixing  three  basic  precursors  containing  carbon  black,  cobalt  acetate  and 
tetramethoxy-phenylporphyrin  (TMPP).  The  influence  of  various  mixing  processes,  solvents,  pyrolysis 
temperature  and  precursor  ratios  on  the  ORR  activity  of  the  electrocatalysts  is  investigated  by  means 
of  their  electrochemical  characteristics.  Levich-Koutecky  plots  show  that  the  number  of  transferred 
electrons  during  ORR  on  these  catalysts  varies  between  2  and  4.  A  pyrolyzed  mixture  synthesized  by 
ultrasonication  exhibits  better  activity  for  ORR  than  that  prepared  by  ball  milling.  The  solvent  is  found  to 
have  a  significant  effect  on  the  performance  of  the  catalysts  in  acidic  media.  The  catalyst  synthesized  in 
water,  a  poor  solvent  of  TMPP,  has  better  activity  than  that  synthesized  in  a  good  solvent  of  TMPP,  such 
as  N,N-dimethylformamide  and  acetic  acid.  The  optimum  pyrolysis  temperature  is  600  °C.  Various  mole 
ratios  and  Co/carbon  weight  ratios  are  examined.  Maximum  activity  is  found  at  a  1 :1  TMPP/Co  mole  ratio 
and  a  5%  Co/carbon  weight  ratio. 

©  2008  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

Because  of  their  highly  efficient  energy  conversion  and  low  pol¬ 
lutant  emissions,  proton-exchange  membrane  fuel  cells  (PEMFCS) 
are  now  attracting  enormous  interest  for  various  applications  such 
as  low/zero-emission  vehicles,  distributed  home  power  generation, 
and  power  sources  for  small  portable  electronics  [1,2].  One  of  the 
obstacles  to  the  commercialization  of  PEMFCs  is  the  high  cost  of 
the  noble  metals  used  as  electrocatalysts,  e.g.,  Pt  [3].  Consequently, 
non-noble  catalysts  have  been  extensively  investigated  to  replace 
Pt-based  catalysts  and  to  reduce  the  material  cost  of  fuel  cells  [4,5]. 

During  the  past  decades,  most  of  the  efforts  to  explore  non-noble 
catalysts  for  oxygen  reduction  reaction  (ORR)  have  focused  on  tran¬ 
sition  metal  chalcogenides  [6,7],  oxides  [8]  and  macrocycles  [9-11  ]. 
In  particular,  the  macrocyclic  derivatives  of  cobalt  and  iron  have 
been  well  characterized  as  promising  alternative  materials  [12-15]. 
Nevertheless,  these  catalysts  still  suffer  from  low  stability  in  an 
acidic  environment  and  pyrolysis  is  found  to  improve  the  activity 
and  stability  significantly.  The  best  electrocatalytic  activity  for  ORR 
obtained  with  these  precursors  was  observed  with  pyrolysis  in  the 
temperature  range  500-700  °C.  Another  interesting  catalytic  site, 
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labeled  the  high-temperature  catalytic  site,  was  also  discovered  at 
a  higher  pyrolysis  temperature  (>800  °C).  In  the  low  temperature 
range,  N4-M/C  was  recognized  as  the  active  catalytic  site,  where 
C  represents  the  carbon  support.  But  at  the  high  pyrolysis  tem¬ 
perature  (>800  °C),  the  complete  structure  of  the  catalytic  site  is 
still  unclear  [16-18].  Dodelet  and  co-workers  [19]  proposed  that 
FeN2C4+  might  be  the  catalytic  site  formed  in  the  high-temperature 
range.  Since  the  structure  of  the  central  MeN4  chelate  would  be 
largely  destroyed  at  such  high  pyrolysis  temperatures,  the  metal 
complex  might  be  only  a  precursor  of  the  actual  active  material. 
The  same  author  also  found  that  both  sites  (N4-M/C  and  N2-M/C) 
were  detected  simultaneously  at  all  pyrolysis  temperatures  [15]. 
Nonetheless,  there  is  a  consensus  that  the  coexistence  of  carbon, 
nitrogen  and  Co  (or  Fe)  sources  is  necessary  for  this  composite 
catalyst  to  function.  It  is  appealing  to  try  to  reproduce  these  electro¬ 
catalysts  starting  with  different  precursors  of  lower  cost  and  easier 
availability,  and  to  disclose  the  reasons  for  their  activity  so  as  to 
improve  further  their  performance.  Various  transition  metal  pre¬ 
cursors,  nitrogen  sources  and  carbon  containing  species  have  been 
investigated  for  this  alternative  preparation  route  and  these  three 
factors  have  proved  to  be  critical  for  the  formation  of  active  catalyst 
sites  such  as  N4-metal  or  FeN2C4+  [20,21  ].  For  example,  mechanical 
mixtures  of  the  three  key  precursors  were  reported  by  Mocchi  and 
Trasatti  [21  ]  to  show  remarkable  catalytic  activity  in  1  M  KOH  aque¬ 
ous  solution  and  it  was  found  that  separating  the  nitrogen  source 
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from  the  metal  one  resulted  in  a  better  catalytic  performance  than 
pyrolyzed  CoTMPP  +  carbon. 

In  our  previous  work  [22],  we  found  that  pyrolyzed  cata¬ 
lysts  prepared  by  heating  and  refluxing  of  a  dispersion  consisting 
of  tetramethoxy-phenylporphyrin  (TMPP,  porphyrin  monomer), 
cobalt  acetate  and  a  carbon  support  in  a  microwave  bath  has  good 
catalytic  activity  and  stability.  In  this  study,  a  systematic  investiga¬ 
tion  is  made  of  the  effect  of  various  synthesis  parameters  on  the 
catalytic  activity  of  the  prepared  catalyst,  including  mechanically 
mixing  methods,  solvents,  and  the  ratio  between  the  various  com¬ 
ponents.  To  the  knowledge  of  the  authors,  this  is  the  first  time  that 
the  influence  of  mechanically  mixing  methods  and  solvent  effects 
have  been  investigated. 

2.  Experimental 

The  TMPP  precursor  was  synthesized  using  the  protocol  as 
described  elsewhere  [23].  Carbon  black  Vulcan  XC-72  (Cabot  Corp.) 
was  used  as  a  carbon  support.  Cobalt  nitrate  hexahydrate  (Merck 
Pte.  Ltd.)  was  first  mixed  with  TMPP  in  12  mL  solvent  by  stirring, 
followed  by  the  slow  addition  of  an  appropriate  amount  of  Vulcan 
XC-72.  Then  the  dispersion  was  mechanical  mixed  either  by  ultra- 
sonication  or  by  ball  milling  for  1  h,  followed  by  stirring  for  another 
1  h  at  80-90  °C.  The  powder  resulting  from  evaporation  of  the  sol¬ 
vent  was  finally  crushed  in  an  agate  mortar  and  pyrolyzed  in  an 
argon  atmosphere  for  2  h.  Three  different  solvents,  i.e.,  water,  acetic 
acid  and  N,N-dimethylformamide  (DMF)  were  used  to  investigate 
the  influence  solvent  of  on  the  synthesized  catalysts. 

The  catalytic  activities  of  the  prepared  catalysts  for  ORR  were 
characterized  by  means  of  a  VMP2  Multichannel  Potentiostat 
(Princeton  Applied  Research)  in  oxygen-saturated  0.5  M  H2S04. 
Platinum  wire  (diameter  1  mm)  and  a  saturated  calomel  electrode 
(SCE)  were  used  as  a  counter  electrode  and  a  reference  electrode, 
respectively.  All  potentials  are  quoted  versus  the  SCE.  The  working 
electrode  was  prepared  as  follows:  about  8  mg  of  each  catalyst  sam¬ 
ple  were  ultrasonically  mixed  in  1.5  mL  of  ultra  pure  water  +0.1  mL 
of  5  wt.%  Nation  to  form  a  homogeneous  ink.  Then  5  pX  of  the  ink 
was  dropped  on  to  the  surface  of  a  polished  glass  carbon  electrode 
(diameter  3  mm)  and  dried  in  air.  Linear  scan  voltammograms  were 
recorded  at  scan  rate  of  5  mV  s-1  between  0.8  and  0  V.  The  stabil¬ 
ity  tests  were  carried  out  in  an  oxygen-saturated  acidic  medium  at 
25  °C  by  potentiostatic  polarization  at  0.4  V. 

3.  Results  and  discussion 

Potentiodynamic  curves  of  the  catalysts  synthesized  by  two  dif¬ 
ferent  mixing  methods  namely  ultrasonication  (denoted  as  Cat-U) 
and  ball  milling  (denoted  as  Cat-B)  are  presented  in  Fig.  1(a).  The 
onset  potential  for  ORR  on  Cat-B  is  close  to  that  on  Cat-U,  but  the 
latter  has  a  higher  limiting  current  which  suggests  different  sur¬ 
face  configurations  formed  during  these  two  mixing  processes.  Disc 
polarization  data  at  several  rotation  rates  for  the  catalysts  were 
used  to  construct  Levich-Koutecky  plots,  as  shown  in  Fig.  1(b).  The 
results  for  a  50%  Pt/C  catalyst  in  the  same  medium  is  also  presented 
for  comparison.  It  is  seen  that  the  plots  are  straight  lines  with  dif¬ 
ferent  slopes,  confirming  that  the  number  of  electrons  (n)  involved 
in  the  ORR  depends  on  the  electrocatalyst  material.  Values  of  n  for 
the  catalysts  were  calculated  from  the  slope  of  the  lines  using: 

/  =  0.620nE4Do/3w1/2v-1/6c0  (1) 

where  I  is  the  limiting  diffusion  current  density,  F  is  the  Faraday 
constant,  D0  is  the  oxygen  diffusion  coefficient,  w  is  the  rotation 
rate  in  rpm,  v  is  the  kinematic  viscosity  of  the  solution,  and  C0 
is  the  oxygen  solubility  in  the  electrolyte.  A  slight  increase  in  the 
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Fig.  1.  (a)  Potentiodynamic  curves  of  ORR  on  Cat-US  and  Cat-B,  measured  at 
5mVs_\  rotating  rate  500 rpm  in  02-saturated  0.5  M  H2SO4;  (b)  Levich-Koutecky 
plots  for  ORR  on  Cat-U  and  Cat-B  catalysts  compared  with  that  obtained  on  50%  Pt/C 
in  02-saturated  0.5  M  H2S04. 


Levich-Koutecky  slope  for  Cat-U  compared  with  Cat-B  can  be  noted. 
The  calculated  numbers  of  electrons  are  2.7,  3.3  and  4.0  for  Cat-B, 
Cat-U  and  50%  Pt/C,  respectively.  The  ORR  on  Pt/C  basically  follows  a 
four-electron  mechanism,  while  a  significant  portion  of  the  ORR  on 
the  two  composite  catalysts  occur  via  a  two-electron  mechanism 
and  Cat-U  has  better  kinetics  for  ORR  than  Cat-B,  as  evidenced  by 
the  higher  electron  number.  One  reasonable  explanation  for  this  is 
a  higher  utilizable  metal  loading  in  the  micropores  of  the  carbon 
support  during  the  ultrasonic  process  than  during  ball  milling.  It 
is  proposed  that  catalytic  sites  for  this  type  of  catalyst  are  hosted 
in  micropores  [24].  Compared  with  ball  milling,  ultrasonication  is 
more  efficient  in  the  removal  of  the  trapped  gas  inside  the  microp¬ 
ores  and  is  capable  of  fully  wetting  these  micropores.  Once  wetted, 
these  micropores  then  can  be  used  for  the  impregnation  of  metal 
and  nitrogen  precursors,  leading  to  greater  number  of  active  sites 
than  are  formed  by  ball  milling. 

Current-potential  polarization  curves  are  shown  in  Fig.  2  for 
pyrolyzed  catalysts  synthesized  in  water  (denoted  as  Cat-W),  acetic 
acid  (denoted  as  Cat-A)  and  N,N-dimethylformamide  (denoted  as 
Cat-D).  The  half-wave  potential,  which  is  defined  as  the  potential 
at  which  the  measured  current  reaches  half  of  the  limiting  current, 
decreases  in  the  following  order:  Cat-W,  Cat-D  and  Cat-A.  The  inter¬ 
esting  feature  is  that  TMPP  is  water  insoluble  but  soluble  in  acetic 
acid  and  N,N-dimethylformamide.  The  superior  activity  of  Cat-W 
indicates  that  the  Me-N  band  in  the  active  catalytic  sites  mainly 
forms  on  pyrolysis,  and  not  during  the  mixing  or  dissolving  step. 
To  obtain  a  better  understanding  of  the  potential  effect  of  these 
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Fig.  2.  Current-potential  polarization  curves  for  ORR  on  Cat-W,  Cat-D  and  Cat-A, 
measured  at  5  mVs~\  rotating  rate  500  rpm  in  02-saturated  0.5  M  H2SO4. 

solvents  on  the  catalyst,  the  surface  area  was  measured  by  nitro¬ 
gen  adsorption.  As  shown  in  Table  1,  the  composite  catalysts  all 
have  a  lower  BET  surface  area  than  the  support  material  Vulcan 
XC-72,  because  of  the  loading  of  TMPP  and  Co.  It  is  found  that  the 
surface  area  of  the  catalyst  synthesized  in  water  is  higher  than  that 
of  the  Cat-A  and  Cat-D  catalysts.  There  is  a  very  slight  difference 
in  surface  area  between  Cat-A  and  Cat-D.  By  contrast,  there  is  a 
large  difference  micropore  surface  area:  Cat-W  (114  m2  g_1)>Cat- 
D  (101  m2g-1)>  Cat-A  (70m2g-1),  which  shows  the  same  trend 
as  the  catalytic  activity.  According  to  the  literature  data  [25],  the 
activity  for  ORR  is  found  to  be  proportional  to  the  post-pyrolysis 
microporous  specific  area.  The  catalytic  sites  for  ORR  may  only 
form  in  the  micropores  of  the  carbon  black  and  the  density  of  the 
micropores  in  carbon  black  presently  limits  the  density  of  active 
sites  and  the  overall  activity  of  catalysts.  This  statement  agrees 
well  with  the  observation  that  a  catalyst  with  higher  microporous 
area  gives  better  activity.  Different  solvents  have  a  different  effect 
on  the  microporous  specific  area  and,  subsequently,  the  activity  of 
catalysts  through  microporous  surface  area. 

Heat  treatment  is  another  key  step  in  the  formation  of  active 
catalytic  sites,  since  the  Me— N4  bond  of  the  catalysts  only  forms 
during  the  pyrolysis  process.  The  Cat-W  catalysts  pyrolyzed  at  var¬ 
ious  temperatures  were  tested  for  their  activity  for  ORR.  Typical 
ORR  polarization  curves  in  0.5  M  H2S04  obtained  on  these  cata¬ 
lysts  are  given  in  Fig.  3(a).  Catalysts  pyrolyzed  at  600  and  800  °C 
exhibit  the  best  activity  and  the  activity  slightly  decreases  when 
the  temperature  continues  to  increase.  Thermogravimetric  analysis 
(TGA)  also  demonstrats  that  the  formation  of  N4-metal  active  cat¬ 
alytic  site  for  this  composite  catalyst  starts  at  a  lower  temperature 
than  800  °C.  Fig.  4  shows  that  Cat-W  starts  to  pyrolyze  at  a  lower 
temperature  than  CoTMPP.  In  the  high-temperature  range,  where 
the  high-temperature  active  catalytic  site  may  form,  Cat-W  has  a 
large  weight  loss  from  685  °C,  i.e.,  lower  than  740  °C  for  CoTMPP.  At 
the  same  time,  a  lower  slope  for  Cat-W  is  seen  in  the  temperature 
range  440-800  °C.  This  indicates  that  the  active  catalytic  site  of  the 
composite  materials  is  easier  to  form  on  this  Cat-W  catalyst  than 


Table  1 

Surface  area  and  micropore  area  of  various  materials  measured  by  nitrogen 
adsorption 
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potential/V  vs.SCE 


Fig.  3.  (a)  Potentiodynamic  curve  for  ORR  on  catalysts  pyrolyzed  at  400, 600, 800  and 
900 °C,  measured  at  5mVs_1,  rotating  rate  500 rpm  in  02-saturated  0.5  M  H2SO4; 
(b)  chronoamperometric  curves  for  ORR  on  catalysts  pyrolyzed  at  600  and  800  °C, 
measured  in  02-saturated  0.5  M  H2SO4  at  400  mV  and  rotating  rate  500  rpm. 

by  the  pyrolysis  of  CoTMPP.  The  chronoamperometric  curve  shown 
in  Fig.  3(b)  are  for  catalysts  pyrolyzed  at  600  and  800  °C,  measured 
at  400  mV  in  oxygen  saturated  0.5  M  H2S04,  at  a  rotating  rate  of 
500  rpm.  Both  catalysts  show  a  similar  current  after  120  min.  The 
initial  current  obtained  for  the  catalyst  synthesized  at  600  °C  is  even 
slightly  higher  than  that  for  800  °C.  Therefore,  600  °C  is  considered 
as  the  optimum  pyrolysis  temperature. 

The  content  of  the  metal  is  very  important  for  the  activity  of 
catalysts  and  the  low  utilizable  metal  loading  is  considered  as  the 


Fig.  4.  TGA  curves  of  Cat-W  and  CoTMPP. 
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Fig.  5.  Potentiodynamic  curves  for  ORR  on  catalysts  with  different  contents  of  Co. 
Inset  shows  change  of  onset  potential  and  half-wave  potential  vs.  content  of  Co. 

major  impediment  to  the  replacement  of  platinum  in  PEMFCs  [26]. 
Here,  we  have  studied  the  effect  of  metal  loading  on  this  composite 
catalyst  in  an  attempt  to  identify  an  optimum  content  of  the  metal. 
Potentiodynamic  curves  for  ORR  on  catalysts  with  different  load¬ 
ings  of  Co  are  given  in  Fig.  5.  These  catalysts  were  synthesized  in 
water  through  ultrasonication  and  pyrolyzed  at  600  °C.  It  is  found 
that  the  onset  potential  and  the  half-wave  potential  value  increase 
when  the  metal  loading  increases  from  2.5  to  5  wt.%  (Co/C).  Further 
increase  in  the  Co  content  has  a  negligible  effect.  In  such  a  syn¬ 
thesis  condition,  the  utilizable  metal  loading  increases  slowly  and 
levels  off  when  the  nominal  value  reaches  5  wt.%  (Co/C).  Taking  the 
material  cost  into  consideration,  the  optimum  metal  content  of  this 
catalyst  is  5  wt.%  (Co/C). 

Nitrogen  sources  are  also  critical  to  catalytic  activity.  It  is  clear 
that  the  most  important  factor  is  the  utilizable  nitrogen  content  of 
the  materials.  A  higher  content  of  pyridinic-type  nitrogen  bonded 
with  metal  yields  a  higher  density  of  catalytic  sites  and  a  better 
electrocatalyst.  Current-potential  polarization  curves  of  catalysts 
with  different  nitrogen  contents  are  presented  in  Fig.  6.  The  best 
activity  is  obtained  at  TMPP:Co  =  l:l  with  both  the  onset  poten¬ 
tial  and  the  half-wave  potential  reaching  the  highest  values.  This  is 
in  good  agreement  with  the  literature  data  [20]  in  alkaline  media, 


Fig.  6.  Potentiodynamic  curves  for  ORR  on  catalysts  with  different  contents  of  TMPP. 
Inset  shows  change  of  onset  potential  and  half-wave  potential  vs.  content  of  TMPP. 


although  acidic  media  is  used  in  this  work.  Thus,  the  evolution 
of  catalytic  activity  does  not  follow  the  increasing  TMPP:Co  mole 
ratio  as  expected.  The  explanation  for  this  result  is  that  N  contents 
beyond  saturation  are  catalytically  inactive  after  all  the  utilizable 
metal  is  coordinated  with  N.  These  excess  amounts  of  TMPP  may 
modify  the  microstructure  of  the  carbon  during  high-temperature 
pyrolysis  by  blocking  the  active  sites  and  there  by  result  in  the 
decrease  of  catalytic  activity. 

From  the  above  experiments  on  the  catalysts  with  different 
metal  and  nitrogen  contents,  it  is  known  that  a  higher  content  of 
precursors  does  not  necessarily  yield  higher  activity.  It  depends  on 
the  utilizable  amount  in  the  active  sites.  Further  addition  of  these 
precursors  during  catalyst  synthesis  either  has  no  effect  or  has  an 
adverse  effect  on  the  activity. 

4.  Conclusions 

The  origin  of  the  ORR  activity  of  the  macrocycle  composite  cat¬ 
alyst  comes  from  the  simultaneous  presence  of  a  metal  precursor, 
active  carbon  and  a  nitrogen  source  in  the  micropores.  This  work 
has  investigated  the  effects  of  various  parameters  during  the  syn¬ 
thesis  of  the  composite  catalyst.  The  activity  of  catalysts  is  related 
to  the  mechanically  mixing  methods,  the  solvent  used,  the  pyrol¬ 
ysis  temperature,  the  metal  content,  and  the  nitrogen  content.  A 
pyrolyzed  mixture  synthesized  by  ultrasonication  displays  better 
activity  for  ORR  than  that  achieved  by  ball  milling.  It  is  not  critical 
to  the  formation  of  active  catalytic  sites  whether  macrocycles  are 
soluble  in  the  solvents  or  not.  Instead,  catalyst  synthesized  with 
different  solvents  show  different  surface  area  of  micropores,  the 
change  of  which  correlates  well  with  the  activity.  Heat  treatment  is 
a  key  step  to  the  formation  of  active  catalytic  sites  and  the  optimum 
pyrolysis  temperature  is  600  °C.  Maximum  activity  is  found  at  a  1 : 1 
TMPP:Co  mole  ratio  and  a  5  wt.%  Co/carbon  weight  ratio. 
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